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Abstract. Special equipment is often accompanied by the phenomenon of high temperature and high pressure
in operation, and it needs to be measured. With the deepening of research engineering application, some new
problems appear, such as how to accurately measure and control the combustion temperature field in the
hydrocarbon energy system, carry out combustion diagnosis, control the combustion temperature, minimize
the generation of pollutants, put forward higher requirements for measurement technology. High
temperature has a core impact on equipment safety, which is a key index that must be considered in design
and material selection. Near the surface of these high-temperature objects, there are usually high-temperature
translucent media and particles produced by combustion, which have a great impact on radiation temperature
measurement. At the same time, with the change of temperature and concentration, these translucent media
often have gradient refractive index change, which has a certain impact on radiation temperature measurement.
These shielding objects interfere with radiation and affect the accuracy of measurement. This topic mainly
focuses on the theoretical and experimental research of this kind of problem. The inversion algorithm of wall
temperature reconstruction under the shielding condition of dispersed medium is proposed. Under the condition
of introducing different measurement errors, the algorithm is verified, and the corresponding numerical
simulation is carried out to verify the feasibility of the algorithm model.

Keywords: Inverse radiation problem, Gradient refractive index, High-temperature measurement, Special
equipment.

Nomenclature S Radiation source term
n Refractive index
Ky Scattering coefficient Fliiness Objective function
X« The derivative of the refractive index Texp The directional radiation intensity calcu-
b4 Individual lated by simulation experiments
m The search distribution Fopi The objective function
g Generation 0 Sampling angle
u Number of individuals selected a The standard deviation
c Rank-one update coefficient ay, by, as bs  The coefficient of linear distribution
y The covariance matrix update ® The ratio of wall temperature to medium
P. The evolution path temperature
Hefr The variance effective selection mass for  w Positive weight coefficients
the mean u, i Direction cosine
E Expected length T Pi
I The unity matrix w Extinction coefficient
T Optical thickness Q Solid angle
A Wavelength
* Corresponding authors: qianlinfeng@csei.org.cn; ¥ Step-size
wudi@csei.org.cn C Covariance matrix

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses /by /4.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Available online at:
stet-review.org

OPEN @ ACCESS |


https://creativecommons.org/licenses/by/4.0/
https://www.edpsciences.org/
https://stet-review.org
https://stet-review.org
https://doi.org/10.2516/stet/2022013

2 The Author(s): Science and Technology for Energy Transition 77, 16 (2022)

f The objective function

Cu The rank-u update coefficient

he The Heaviside function

Ce The learning rate

N A multivariate normal distribution

d, The damping parameter

w; Extinction coefficient

0] Scattering Phase Function

Q Direction vector

L Plate thickness

Ioot The directional radiation intensity
calculated according to the solution vector

i Grid index of the cell

I« The outgoing radiation or radiation

response signal

The standard normally distributed random
number

The value of the parameters to be inverted
The normalized spatial position

A small rate of change

Kq Absorption coefficient, m ™
Stefan—Boltzmann constant

5.67 x 107% W/(m? - K*)
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Qoiﬂx
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1 Introduction

A large amount of heat generated in the combustion process
of power plant boilers is mainly transmitted to the medium
in the form of radiation, convection, and heat conduction
[1]. Combustion is a violent chemical reaction process and
the primary process of energy conversion. For furnace
flame, high-temperature flue gas and metal temperature
of boiler or heat exchanger are some of the important
factors to measure the stability of combustion and opera-
tion condition. On fire or high-temperature objects in radi-
ation temperature measurement technology involves
internal radiation transmission and many problems [2].
The calculation of radiative transfer in participatory media
usually assumes that the refractive index of a flame
uniform field, namely the spread of the light always along
a straight-line trajectory through the research object. So
although to some extent simplifies the calculation process
and improves the computational efficiency. However, the
refractive index tends to be unevenly distributed due to
the uneven spatial distribution of the temperature, pres-
sure, or composition of the flame [3]. If the refraction
index distribution of semi-transparent high-temperature
mediums such as flame and high-temperature flue gas is
regarded as uniform for temperature field reconstruction,
the measurement accuracy and measurement range will
inevitably be reduced. For metal temperature receiving
radiant heat or being scoured by high-temperature flue
gas, high precision temperature measurement is also
required in operation. Due to the presence of flame or
high-temperature smoke and other participating media on
its surface, the influence of gradient refractive index formed
by the change of temperature and concentration on the

temperature measurement results cannot be ignored [4-6].
Therefore, it is of great scientific and practical value to
study the refractive index gradient distribution and its
influence on radiation transfer in flame or high-temperature
semi-transparent medium in actual production.

Among many temperature measurement technologies,
based on features of flame radiation on temperature field
inversion temperature measurement technology is the new
development direction with a relatively simple device, the
measurement is relatively direct, the advantage of high reli-
ability. Such as light-field imaging technology, its core is
still the image method used to obtain the boundary of the
flame radiation intensity distribution, the temperature,
and optical parameters inversion. At present, light field
imaging technology has great development space in the field
of combustion diagnosis [7]. Essentially, it can be concluded
as the reconstruction of multiple physical quantity fields in
a high-temperature medium based on space radiation light
field information. This is a typical radiation inverse problem
with obvious discomfort [8], so it is quite difficult to solve it.

There is usually a translucent medium between the mea-
sured object and the probe in the research of furnace flame
or high-temperature object temperature measurement
technology. Precise gradient refractive index medium of
these areas is involved in the information transmission pro-
cess of field which can give people more in-depth under-
standing of the radiation energy transfer mechanism and
the radiation law of information transmission and master
the gradient refractive index medium radiation transmission
characteristics of field related optimization design method,
manufacture technology and measurements [8-12]. There-
fore, there is important theoretical significance engineering
application value in studying the radiation characteristics
and temperature measurement technology under the condi-
tion of gradient refractive index medium shielding.

Radiative transfer in graded refractive index media is
much more complex than that in uniform refractive index
media. Light in a uniform refractive index medium travels
along a straight line. But in a gradient refractive index
medium, the light will travel along a curved path, and
sometimes even total reflection will occur inside the medium
[13]. Therefore, the traditional radiative transfer method for
uniform refractive index media cannot be directly applied to
solve the radiative transfer in graded refractive index
media. In recent years, the radiative transfer in graded
refractive index media has attracted more and more
attention from scholars all over the world.

Methods for calculating radiation transfer in graded
refractive index media include Discrete Ordinates Method
(DOM) [14-16], Finite Volume Method (FVM) [3, 17, 18],
Finite Element Method (FEM) [19, 20], Spectral Element
Method (SEM) [21, 22|, etc. The global discretization
method based on differential form radiative transfer equa-
tion can be used to deal with multi-dimensional complex geo-
metric area problems conveniently and economically and
complex medium and boundary characteristics problems
flexibly. It can also be easily used to solve the coupled heat
transfer problems of radiation, heat conduction, and convec-
tion. Especially for the finite volume method and discrete
coordinate method because of their strong adaptability.
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Wei et al. studied the inverse estimation of refrac-
tive index related to temperature/phase transition in
translucent media. The refractive index is inverted from
the radiative response of the boundary by a Stochastic
Particle Swarm Optimization (SPSO) algorithm. Through
the sensitivity analysis, it is proved that this method can
accurately deduce the refractive index from the radiation
response on the two boundaries [23]. Zhao et al. studied lin-
ear and nonlinear gradient refractive index distributions
based on discrete coordinate equations. Temperature and
radiative heat flow distribution in isotropic and heterotropic
media [24], transient radiative transfer equation [25, 26], and
coupled radiative heat transfer in multi-dimensional homo-
geneous media with arbitrarily complex shapes were solved
by spectral element method. Wei et al. found that the refrac-
tive index and absorption coefficient differ in sensitivity to
boundary conditions, making it difficult to estimate
spatially correlated refractive index and absorption coeffi-
cient simultaneously. A two-step inversion model with dif-
ferent laser irradiations is proposed for this problem [27].

Although the combustion heat transfer problem has
been solved by combining theory with experience. It has
been widely used in large power station boilers and indus-
trial combustion devices. With the deepening of research
engineering application, some new problems appear, such
as how to accurately measure and control the combustion
temperature field in the hydrocarbon energy system, carry
out combustion diagnosis, control the combustion tempera-
ture, minimize the generation of pollutants, put forward
higher requirements for measurement technology.

This paper mainly focuses on the influence of passive
radiation on the temperature measurement of flame and
boiler components under the condition of translucent med-
ium with a gradient refractive index. The reconstruction
program of gradient absorption coefficient and refractive
index of functional distribution is established based on
Evolution Strategy based on Covariance Matrix Adaption
(CMA-ES) algorithm. The temperature ratio was defined
and the sensitivity of distribution function coefficients was
analyzed under different temperature ratios, outgoing radi-
ation, and different surface normal angles to obtain a better
combination of measurement information. The temperature
ratio and the included angle are selected according to the
graph line of sensitivity coefficient. The form of the distribu-
tion function of the gradient absorption coefficient and
refractive index of the discrete distribution in the process
of reconstruction is unknown to consider the more general
distribution of photothermal parameters. The sensitivity
of absorption coefficient and refractive index is analyzed
for the two-layer medium model. The sensitivity graph of
absorption coefficient and refractive index of the three-layer
medium model is analyzed and explained the rationality of
the image drawn. An inversion algorithm for wall tempera-
ture reconstruction with variable refractive index medium is
proposed.

2 Direct problem

Consider an absorbing, emitting, and scattering 1D
parallel-plane medium with variable refractive index and

I
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refractive index n(x)
0

€0 €r

Ty i T;
My ny

Fig. 1. The physical model of radiative heat transfer in 1D
participating media with GRI.

azimuthally symmetric radiation bounded by two diffusely
reflecting plates. As shown in Figure 1, both sides of the
boundary are assumed to be the diffuse gray opaque wall
with the same emissivity. The left and the right boundary
walls are subjected to the first kind of boundary condition
with constant temperature T, and Tj respectively. The
absorption coefficient and scattering coefficient are supposed
to be constant. The refractive index n(z) varies with axis z.
The radiative transfer equation in a 1D participating
media with graded-index in Cartesian coordinate can be
expressed as,
'uaf(x, 1) + X(l _ ﬂZ) 0I(z, p)

or T+(Ka+}ce_2%#)[(xaﬂ) =

1
Ks / / /
wedity [ I oo @)
-1

Boundary conditions for grey-diffuse walls can be expressed
as,

o T4 0
I(O,,u) :SUTL(Z)TU—FQ(l—SU)/ I(O’,U,),u, d‘u/’

-1

1=0, (2)

T4 1
HL) = ot T 201 - a0) [ 1L, <0,
0

3)

where I(x, p) is radiation intensity at position z and
direction cosine p, I is the blackbody radiation intensity
at the temperature of the media T(z), ®(y', u) is the scat-
tering phase function of energy transfer from an incoming
direction cosine y' to an outgoing direction cosine y, ¢ is
Stefan—Boltzmann constant, k, is the absorption coeffi-
cient, x, is the scattering coefficient and y means the
derivative of the refractive index after natural logarithm
to the coordinate z,

1= ngx ", (4)

3 Inverse problem
3.1 CMA-ES algorithm

The CMA-ES algorithm has been developed to be a well-
established algorithm system that contains many variants
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for different types of problems with the efforts of Hansen,
Ostermeier, and their colleagues [28-30]. In this study,
the integral equations of light scattering signals need to
be deconvoluted to reconstruct the size distribution and
morphological parameters. Mathematically, it is a typical
ill-conditioned multiple dimensional non-separable inverse
problem. Given the good performance of CMA-ES in solv-
ing the ill-conditional and non-separable problems [29-31],
this promising algorithm is suitable to solve the inverse
problem of light scattering. What follows is a brief introduc-
tion of the theoretical fundamentals of the CMA-ES
algorithm, heavily based on a tutorial written by Hansen
[29] which the reader can refer to for a full and detailed
derivation.

In the CMA-ES, if the number of objective parameters
to be inverted is n, then the search point is an n-dimensional
vector, which is also called the objective vector. The basic
equation of CMA-ES is to generate the new search points
by sampling a multivariate distribution [29]:

XECS’“) ~m9 4 g

N(0,CY) fork=1,...,4, (5)
where ngﬂ) € R" is the kth offspring individual in
the population of A new search points at generation
g + 1, ~ denotes the same distribution on the left and
right s1de m” € R" is the mean value of the search
dlstrlbutlon at generatlon g, a9 € R"is the step-size at
generation g, N (O C ‘7) denotes a multivariate normal

distribution with zero mean and covariance matrix C¥/ s
and m@ + YN0, C¥), C € R" * "is the covariance
matrix at generation g, 4 > 2 is the population size or the
number of the offspring individuals. The kernel of
CMA-ES is to update distribution parameters m?, ¢'¥
and CY. Update of the mean value m'® is achieved by
selection and recombination, which means the new mean

m © Y of the search dlstrlbutlon is a weighted average
of u selected points from samples x\ ™", x{¥ Y
X&g +D [29]:

J+1 Z w;x! £I+1 (6)

where u < A is the parent population size, i.e. the number
of selected points, w;—_, € R" are positive weight coeffi-
cients for recombination such that wy > w» > ... > w, >0

and Zw; = 1; X<ng1> is the dth best individual out of

x{ Dkl y ooy x0T and the index i. A denotes the
index of the ith ranked individual, the “best” and “ranked”
individuals are both defined by thelr objective function
value. The smaller the individual’s objective function

value is, the better the individual is, and the higher its
ranking is f(xlgﬂ) < f( ”*1) - < f( "“) where

fis the objective function to be minimized.

The update of the covariance matrix is realized by the
covariance matrix adaption based on rank-p update and
rank-one update. The rank-u update aims to give the
estimation of covariance matrix reliable for the small

[ |
| |
| |
I
I
T
| |
| |
| |
I

x=0

Fig. 2. One-dimensional translucent plate model.

population. The rank-one update means that there is only
one search point per generation for updating the covariance
matrix in limited cases. Finally, rank-u update and rank-
one update are combined to generate a new covariance
matrix [29]:

Cltl) — (1 + ¢o(h,) — ¢ — cuz wl>

can be close or equal to 0

T
+c pl [pl] +c,,z wiy'H [y[ﬁ“ } ., (7
ﬁ,_/

rank—one update

rank
update

where ¢, < 1 — ¢ is the learning rate for the rank-u
update of the covariance matrix update, ¢; < 1 — ¢, is
the learning rate for the rank-one update of the covariance

matrix update, yf“ = <x§"f1 9)/c'9, h, is the
M oAy

Heaviside function, 6(h,) =
p(f“) € R" is the evolution path at generation ¢ + 1.
The evolution path can be expressed by a sum of consec-
utive steps which is referred to as cumulation [29]:

mt) — m@

D4 /€2 = g
®)

where ¢, < 1 is the learning rate for cumulation for
the rank-one update of the covariance matrix, peg
denotes the variance effective selection mass for the mean.
The factor \/c.(2 — ¢.)ly 1S a normalization constant
for p..

The evolution path is also utilized to control the step
size. Unlike equation (8), applying the same technique in
equation (9) is to build a conjugate evolution path as [29]:

—0.5 (
)pt(rg) + V Ca(2 - Ca):ucff(c(g)) e

pingl) — (1 _ Cc

+1) _ m
pgy+1) = (1 — ¢y ! m'

9)

where pfj) € R" is the conjugate evolution path at
generation g, ¢, < 1 1is the learning rate for the cumulation

for the step-size control, \/¢,(2 — ¢,) s is @ normaliza-

tion constant, (C@)_U5 BY (D("")) ! (B<"’))T, where
c¥ =BW (D(g))2 (B(")) is an eigen decomposition of C'9.

g(!l)
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Fig. 3. Flow chart of inversion experiment.
Table 1. Average calculation results and errors of running tests.
a1:4 012:_19 a3:15
=0 Calculation result 4.00 + 8.98 x 107'¢ —19.00 + 1.39 x 1074 15.00 + 5.48 x 101
Error (%) 1.59 x 1077 2.87 x 10°° 1.27 x 1077
v =1% Calculation result 4.00 £+ 2.80 x 107* —19.01 + 5.02 x 107* 15.00 4 1.81 x 107*
Error (%) 0.10 0.04 0.01
7 = 3% Calculation result 3.99 + 1.62 x 1073 —18.93 + 3.53 x 1072 14.95 + 1.47 x 1072
Error (%) 0.36 0.38 0.34
7 =5% Calculation result 3.99 + 1.51 x 1073 —18.89 + 4.52 x 1072 14.91 + 2.18 x 1072
Error (%) 0.36 0.59 0.62
y=7% Calculation result 3.97 £ 1.20 x 1072 —18.84 £ 228 x 107! 14.90 + 9.47 x 1072
Error (%) 0.77 0.82 0.64

To update the step-size ¢'9, the matrix norm of conju-
gate evolution path |[pl*V|| is compared with its expected
length F ||N(O, I)||, that is [29]:

(t+1)
(t+1) _ (1) Ca( Pyl _ )]
o =cYexp || =—--1]], (10)
[d(f EIN(0,I)]|

where d, ~ 1 is the damping parameter for the step-size
update, I is the unity matrix. In the present study, the
strategy parameters settings of CMA-ES are available in
[29].

To verify the performance of the CMA-ES algorithm in
the inversion of medium photothermal parameters based on
the inverse radiation problem, the forward radiation
problem model of a one-dimensional translucent plate con-
sidering self-radiation is selected to construct the radiation
inverse problem. The CMA-ES algorithm is tested from
three aspects: the calculation time, the calculation results,
and the value of the body-fitting function. The direct prob-
lem model and the inversion experiment flow are introduced
below. The schematic diagram of the model is shown in
Figure 2.

Only the absorption and emission characteristics of
the medium are considered, L is the thickness of the med-
ium, which is set as 1 m. k is the absorption coefficient,
which is set as 1.5 m~". Both sides of the medium are free

boundaries. The radiative transfer equation is shown in
equation (11):
drl ;L(‘L' /1)
dr 2

,
= —I,l(‘f;l) + (]. — CO,{)IM(TA) +E

X /4 Re (f;,, d) o, (d fz) aQ,

where w, is the extinction coefficient. The second and
third terms on the right side of the equation contain the
scattering caused by emission and incident in all direc-
tions of space, which is collectively known as the source
function. The source function is,

(11)

SZ(T;L,UJ;L) = (]. - CO;L)Ib;L(T}L) +%

x /4 Re (U, d) D, (ﬁ ﬁ) Q.

The radiation transfer equation in source function form can
be written as,

d],{ (‘L'A)
dr,

(12)

+Ii(T/l) = S;L(‘U,CO;V). (13)

The flow chart of the inversion experiment is shown in
Figure 3. The test was carried out at the same wavelength.
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Fig. 4. Fitness function values and calculation time statistics of running tests. (a) Fitter function value, (b) computation time.

I
x=0 w € x=1L

Fig. 5. A physical model of radiation heat transfer in one-
dimensional inhomogeneous disseminated media considering
radiation from one sidewall.

It was assumed that the radiation source function was
independent of the extinction coefficient and was only a
quadratic polynomial of the optical thickness. The testing
process mainly includes a direct problem model and opti-
mization algorithm. During the test, the input parameter
values were assumed first to be used to substitute the direct
problem model to calculate the simulated measurement
results. A total of 10 measurement signals were taken as
the measurement results, including 5 backward radiation
signals on the left boundary and 5 forward radiation signals
on the right boundary. Then, the simulation measurement
results and the direct problem model are brought into the
optimization algorithm, and the optimization result is
obtained through iterative calculation. The objective
function of the optimization algorithm is,

10 I 2
est
Fﬁtness:Z(I _]-> )
exp

i=1

(14)

where the subscript “est” and “exp” represent the direc-
tional radiation intensity calculated according to the
solution vector and the directional radiation intensity
calculated by simulation experiments, respectively.
Finally, the error of the optimization result is calculated
according to the assumed values of the input parameters.

This paper uses assumed parameters to test the CMA-
ES algorithm, including no measurement error, adding

1%, 5%, 10%, 7% measurement error, and conditional 3%
measurement error. During the process, the optimization
algorithm was independently run 10 times, the average cal-
culation time, success rate, average calculation result, and
average calculation error were statistically analyzed. The
search interval of the algorithm is [—-20, 20].

Table 1 shows the average calculation results and
errors of the source function coefficient inversion program
of the radiation transfer equation based on the CMA-ES
algorithm running independently 10 times. From the
standard deviation of the calculated results, the results of
the 10 independent measurements are relatively close which
indicates that the algorithm has converged at the end of the
operation. When no measurement error is added, the pro-
gram can calculate more accurate measurement results.
With the increase of addition error, the inversion error
increases gradually and the increased amplitude is relatively
slow. When 7% measurement error is added, that is the
maximum measurement error adopted in this paper. The
maximum error of inversion results is only 0.82%. It can
be seen that the CMA-ES algorithm has high robustness
in radiation inverse problems and the inversion results are
less affected by measurement error.

The average fitter function value statistics and average
computing time statistics of 10 independent runs of the
inversion program are analyzed in Figure 4. As can be seen
from the left figure, although the fitness function value
obtained by the optimization algorithm increases exponen-
tially with the increase of measurement error, the fitness
function value corresponding to adding 9% measurement
error is only 0.112. It can be seen from the picture on the
right, after adding the error of measurement, calculation
time is around 0.5 s, namely under different measurement
errors, the number of iterations of the same algorithm
running. This algorithm can be attributed to the unique
parameter selection mechanism, namely the CMA-ES algo-
rithm by the number of iterations and by the inversion
parameters calculated, but this does not affect the conver-
gence of the algorithm itself.

In summary, the CMA-ES algorithm has high robust-
ness, strong optimization ability, and high computational
efficiency when applied to the radiation inverse problem
field. It is verified that the algorithm used in this paper is
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Fig. 6. Inversion model of photothermal parameters of dispersed media.

correct to invert the photothermal characteristic parame-
ters of the inhomogeneous dispersion medium.

3.2 Inverse process

In general, the photothermal characteristic parameters of
the dispersion medium are inhomogeneous. This section
studies the inversion of the radiation characteristic parame-
ters such as the absorption coefficient and refractive index of
the dispersion medium. The one-dimensional radiative heat
transfer model of inhomogeneous dispersion medium consid-
ering unilateral wall radiation is shown in Figure 5. The left
side is the opaque boundary. In this study, it is assumed that
the wall emissivity is taken, and the right side is the free
boundary. The absorption coefficient and refractive index
of the dispersion medium vary with the spatial position.
Based on the evolutionary strategy algorithm of
the adaptive covariance matrix tested above, this paper
constructed a reconstruction algorithm for the photothermal
characteristic parameters (including absorption coefficient
and refractive index) of the heterogeneous dispersion med-
ium. The inversion model of the photothermal parameters
of the dispersion medium is shown in Figure 6. In the figure,
the three colors respectively represent three important com-
ponents of the non-model, namely the direct problem model,
CMA-ES algorithm, and parameter inversion experiment.
The direct problem model part refers to the previous con-
tent. In the algorithm part, as the input of the algorithm,
the radiation response signals in different directions on the
right boundary at different wall temperatures are selected
as the measurement information. Based on the CMA-ES
algorithm, the gradient refractive index and absorption
coefficient distribution of semi-transparent media were
reconstructed. The selected objective function is as follows:

ZZ

est Tza 9

exp Tza 0; ) -

where F,,; is the objective function. I, (T}, 0)) is the outgo-
ing radiation or radiation response signal on the right side
in the 0; direction when the left wall temperature is T} in

different cases. The subscript “est” and “exp” represent the
calculated radiation response signal and the measured
radiation response signal according to the current solution
position in the search space, respectively. T, is the
sampling temperature, T; € [300, 1000]. 0; is the Sampling
angle, 0; € [0°, 90°).

Considering the interference in the actual measurement,
random noise was added to the measurement results of the
simulation experiment. On the one hand, the real measure-
ment results were simulated. On the other hand, the robust-
ness of the CMA-ES algorithm in the radiation inverse
problem of the photothermal parameter reconstruction of
the medium was tested. The Gaussian error model used
in this paper is as follows:

Iexp(Tia 0]) = Iexact(Tvla 0]) + oc, (16)

where Iy is the accurate measurement result. I, is the
actual measurement result. ¢ is the standard normally
distributed random number with expectation 0 and
variance 1. ¢ is the standard deviation, the calculation
formula of ¢ is as follows:

Nyar

Z (Xext,i -

MSE =
R S Nvar =1

Xexact,i)zu (17)

where X and X, respectively represent the estimated
value and the true value of the parameters to be inverted.
N, is the dimension of the search space of the optimiza-
tion algorithm, that is the number of parameters to be
inverted.

The distribution of absorption coefficient and refractive
index in the dispersion medium still has the property of
gradient, which is shown as follows:

(@ a, 0<z<L/2 (=) a, 0<z<L/2

K, 2) = nlx) =
b, L/2<z<L by, L/2<z< L,
(18)

where aq, by, as, by represent the coefficient of linear distri-
bution, respectively. L represents the total thickness of
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Fig. 7. Sensitivity analysis of parameters to be inverted. (a) ay, (b) by, (¢) ag, (d) bs.

the dispersion medium. This paper assumes that the
thickness of the two sub media is the same. At the same
time, they are the assumed parameter of the parameter
inversion experiment and the parameter to be inverted
of the reconstruction algorithm. z is the normalized
spatial position of the thickness of the medium as the
characteristic length.

3.3 Sensitivity analysis of absorption coefficient and
refractive index of multilayer dispersive media

The outgoing radiation response signals at multiple
angles at the right boundary under different wall tempera-
tures are required as known information in the reconstruc-
tion algorithm of spectral characteristic parameters of
dispersive media based on the CMA-ES algorithm. The
ratio of wall temperature to medium temperature is ¢:

(19)

The output radiation response signal varies with the
temperature ratio ¢ and the exit angle 6. To quantitatively
analyze the relationship between the inversion parameters
and the outgoing radiation response signal, the concept of

sensitivity is introduced in this paper. The sensitivity
describes the sensitivity between two sets of variables: when
the sensitivity coefficient is small, the measured signal is less
affected by the parameters to be inverted. Even without
measurement error, it is difficult to reconstruct the inver-
sion parameter distribution accurately according to the
current measured signal. When the sensitivity coefficient
is large, the measured signal varies greatly with the change
of parameters to be inverted. When there is no measure-
ment error, the precise inversion of parameters can be real-
ized simply. However, when there is a small error in the
measured signal, there will be a large deviation between
the inversion result and the actual result.

When the sensitivity coefficient is large or small, the
sensitivity of the inversion parameters can be adjusted by
constructing an appropriate objective function to improve
the computational efficiency of the reconstruction algorithm
and the accuracy of the results. But it does not solve the
problem from the root. In this paper, another idea is adopted
to select the temperature ratio ¢ and exit angle 6 corre-
sponding to the output radiation response signal through
the sensitivity coefficient. To improve the calculation
efficiency, the accuracy of the results, and the robustness
of the algorithm for the reconstruction of photothermal
parameters of dispersive media.



The Author(s): Science and Technology for Energy Transition 77, 16 (2022) 9

v V- Y-y
¥ =

Direction( rad )

(@

Direction( rad )

(b)

Direction( rad )

(©

Direction( rad )

(d)

Direction( rad )

©)

Fig. 8. Sensitivity analysis of parameters to be inverted for three-layer media. (a) ay, (b)

The sensitivity coefficient can be calculated by taking
the derivative of one variable to another variable. The
sensitivity coefficient adopted in this paper can be calcu-
lated according to the following formula:

or , (:L’o + 290) — (xo — 1y0)
va ( Iz ) — P,
et axl 21’05 ’

(20)

Ti=Z(

Direction( rad )

®
az, (€) by, (d) b, () e, (£) ca

where S, is the sensitivity coefficient of the variable z; to
the measured signal. I? .0 represents the radiation response
signal in the ¢ direction along the angle between the right
boundary and the normal direction of the surface when
the temperature ratio is 0, z; is the ¢ parameter to be
inversed, and its true value is zy. 0 is a small rate of
change, in this paper ¢ is 0.5%.

In the two-sided medium model, the sensitivity coeffi-
cient relative to the radiation response signal is shown in
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Table 2. Inversion results of absorption coefficient and refractive index of double-layer media model.

SNR (dB) Coefficient Absorption coefficient Refractive index
Calculation result RMSE Calculation result RMSE

100 a 1.000 + 6.32 x 107 <107* 1.200 + 6.61 x 10~ <107*
b 1.500 + 6.51 x 107 1.800 + 6.00 x 10722

80 a 1.000 + 5.24 x 1078 <107 1.200 + 8.03 x 10°® <107
b 1.500 + 5.26 x 1078 1.800 + 5.40 x 1072

60 a 0.999 + 5.81 x 10°° 6.47 x 107* 1.199 + 6.47 x 10°¢ 6.17 x 107*
b 1.501 + 5.82 x 10 ~© 1.800 + 1.53 x 107°

40 a 0.991 + 3.59 x 10°* 8.96 x 1073 1.187 + 3.82 x 107 9.30 x 107*
b 1.509 + 3.80 x 10°* 1.800 + 8.39 x 107°

30 a 1.010 + 1.98 x 1073 1.02 x 1072 1.201 + 4.44 x 1073 3.40 x 107*
b 1.490 + 1.95 x 1073 0.591 + 3.02 x 1078

Figure 7 under the premise of different temperature ratios
and different exit radiation angles of the absorption coeffi-
cient and refractive index of each sub-medium. Figures 7a
and 7b correspond to the absorption coefficients of the
two-layer media. The data show that the sensitivity of
the absorption coefficient of the two-layer medium is
greatly affected by the temperature ratio and the sensitivity
coefficient decreases with the increase of the angle 0
between the exit direction and the plane normal. The
sensitivity of the refractive index of the two-layer medium
is less affected by the temperature ratio. With the increase
0, the sensitivity coefficient of the refractive index of the
first layer does not change at first and then decreases
rapidly. The sensitivity coefficient of the second layer
increases with the increase of . The trends of the two are
not the same.

The essential reason for this difference is that the
changes a, b, have different effects on the gradient
refractive index distribution. It is assumed that the distri-
bution of the gradient refractive index is linear, and a, by
correspond to the starting point and endpoint of the distri-
bution function, respectively. Where ay increases, corre-
sponding to the increase of the starting point of the
distribution function curve, the slope of the function (the
highest coefficient of the function polynomial) decreases,
that is the change of a, is opposite to that of the function
slope, so the changing trend of the sensitivity coefficients
of the two is also opposite. The sensitivity coefficient of
the linear distribution slope increases with the increase of
the included angle 8 when the temperature ratio is fixed,
which corresponds to the decrease of the sensitivity coeffi-
cient ay with the increase of 0 in Figure 7c. The same anal-
ysis is carried out by.

The above analysis is extended to the high-dimensional
case, and the distribution of the corresponding gradient
absorption coefficient and refractive index can be expressed
by considering the relatively simple but representative
three-layer medium model.

As in the two-dimensional case, the sensitivity coeffi-
cient of the absorption coefficient of the three-layer medium
has the same trend as the angle. The sensitivity coefficient
decreases gradually at the same temperature ratio from left

to right. There is a large gap between the first layer and the
second layer because the first layer absorbs more radiation
energy and plays a leading role. The changing trend of the
sensitivity coefficient of the absorption coefficient of the
three-layer medium is different. The first two layers
decrease with the increase of 6, the third layer increases
with the increase of 6. The reason is that the increase of
the refractive index of the first two layers will decrease
the quadratic coefficient corresponding to the distribution
of the quadratic function of the refractive index and the
sensitivity of the quadratic coefficient increases with the
increase 0. Therefore, the refractive index of the first two
layers shows the changing trend as shown in Figures 8b
and 8d. By the same token, the variation trend of the
sensitivity coefficient of the refractive index of the third
layer medium in Figure 8f can also be explained.

According to the calculation results shown in Figure 8,
the temperature ratio ¢ selected in this study is set as
2.3, and the value of the angle is the same as that when
the gradient refractive index is distributed in a functional
form.

As can be seen in Figure 8, the sensitivity coefficient of
the refractive index of the medium increases sequentially
from left to right and the sensitivity coefficient of the second
layer is about that of the third layer, which leads to the
application of the intelligent algorithm to retrieve the gradi-
ent refractive index of the medium. The first two layers may
not be able to get more accurate results even when there is
no measurement error, so the inversion is very difficult. In
theory, the directional radiation response signal on the left
can be added as the measurement information. Considering
that in the direct problem model selected in this chapter,
the left side is the opaque wall. Therefore, this paper only
uses the directional radiation response signal on the right
side as the measurement information in the gradient refrac-
tive index inversion experiment of three-layer media and
inverts the distribution of three groups of absorption coeffi-
cient and refractive index without adding measurement
error. Five times of independent inversion in each case.
The selection of temperature ratio is the same as that in
the inversion of photothermal characteristic parameters of
two-layer media in inversion.
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Fig. 9. The fitting function and RMSE change with SNR. (a) Body-fitting function, (b) RMSE.

Table 3. Inversion results of absorption coefficient and refractive index of three-layer media model.

Group Coefficient Absorption coefficient Coefficient Refractive index
Calculation result RMSE Calculation result RMSE

1 a =05 0.500 + 1.09 x 107 1.63 x 107° ay = 1.2 1.200 +£ 4.25 x 107 1.16 x 1078
b = 1.0 1.000 + 8.60 x 107'¢ by = 1.6 1.600 + 7.50 x 107'7
=15 1.500 + 3.22 x 107'¢ =18 1.800 + 2.68 x 1022

2 a = 0.3 0.300 + 1.01 x 107" 1.57 x 107? ay = 1.2 1.200 + 5.86 x 1077 4.35 x 107'°
by = 0.4 0.400 + 3.41 x 1077 by = 1.6 1.600 + 6.86 x 10~'7
¢ =05 0.500 + 3.43 x 107 ey = 1.8 1.800 + 1.46 x 10>

3 a =05 0.500 + 6.37 x 1077 8.10 x 1077 ay = 0.2 0.200 + 2.26 x 107" 7.67 x 107
by = 1.0 1.000 + 5.17 x 107'¢ by = 0.6 0.600 &+ 7.47 x 1077
6 =15 1.500 + 1.71 x 107'¢ ¢y = 0.8 0.800 + 1.15 x 1022

3.4 Joint inversion of absorption coefficient and
refractive index for multilayer dispersive media

Firstly, the inversion of absorption coefficient and refrac-
tive index of double-layer media under the condition of
adding different measurement errors is analyzed. The calcu-
lated results are shown in Table 2. The variance of all
inversion results is less than 10™%, indicating that a total
of 50 inversions included in this inversion experiment have
achieved convergence.

The data show that the average value of the inversion
results is close to the truth value of the parameters to be
inverted and the error is small. It indicates that the
reconstruction algorithm of the photothermal characteris-
tics parameters of the dispersion medium constructed in
this section for the bilayer medium model can calculate
the true value of the inversion under the condition of the
existence of errors.

The RMSE statistics of the results can obtain better
measurement results even with large measurement errors.
However, there are fluctuations in the RMSE data of the
refractive index inversion results when the SNR of the added

error is equal to 30 dB and 40 dB, which do not increase with
the increase of the SNR. Moreover, the comparison of the
data shows that the RMSE values of the two cases are very
close. This paper believes that the reason for this
phenomenon is the randomness of the inversion algorithm,
so the results of this calculation are contingent.

The aptamer function and RMSE vary with SNR as
shown in Figure 9. The value of aptamer function in
Figure 9a increases with the decrease of signal-to-noise
ratio, the maximum value is less than 8 x 10~%. The fluctu-
ation described above can be seen in the red line in
Figure 9b. Corresponding to the axis on the right, it can
be seen that the maximum value of the axis is only 0.01.
The data in the figure further verify the reliability of the
inversion algorithm.

The inversion of absorption coefficient and refractive
index of three-layer media is analyzed below. The inversion
results are shown in Table 3. The data show that good mea-
surement results have been obtained from the three sets of
inversion. Comparing the measurement results of the
absorption coefficient and the refractive index, it is found
that the standard deviation of the three-layer absorption
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Fig. 10. Experimental flow chart of wall temperature inversion.
Table 4. Experimental calculation results of wall temperature inversion.
SNR. (dB) T, = 1000 K T = 1500 K
Calculation result Error Calculation result Error
100 1000.00 + 1.77 x 10°'7 5.43 x 10712 1500.00 + 2.84 x 107 5.34 x 107"
80 1000.00 + 6.91 x 1078 5.71 x 107° 1500.00 + 1.83 x 10~ 7 6.06 x 107°
60 1000.00 + 1.01 x 107° 7.24 x 107° 1500.00 + 1.96 x 107° 1.74 x 1074
40 1000.00 + 1.35 x 1073 1.01 x 107* 1500.00 + 2.07 x 1073 1.84 x 1073
30 1000.00 + 2.37 x 1072 3.37 x 1077 1500.00 + 2.08 x 1072 1.52 x 1074

coefficient reconstruction results is of the same or similar
magnitude. But the standard deviation of the refractive
index reconstruction results decreases gradually from left
to right. In the sensitivity analysis of the three-layer
medium model, the sensitivity of the refractive index
increases gradually with the order of the medium from left
to right. There is a large gap between the sensitivity coeffi-
cients of the two adjacent layers. This difference in sensitiv-
ity will lead to poor accuracy of the inversion results when
there is a large error. Based on sacrificing the calculation
time, the accuracy of reconstruction can be improved by
increasing the directional radiation response signal under
different temperature ratios.

3.5 Inversion analysis of temperature of high-
temperature wall obscured by dispersive media

Based on the previous reconstruction algorithm of pho-
tothermal characteristic parameter distribution of disper-
sion medium, this paper constructs the reconstruction
algorithm of wall temperature under the condition of
dispersion medium shadowing. The direct problem model
refers to Figure 5. In this paper, it is assumed that the
distribution of photothermal parameters of the medium is
in the discrete form shown in equation (18). Taking the
directional radiation response signal at the right wall
as the measurement data input based on knowing the

emissivity of the left wall. The wall temperature is inversed
to realize the wall temperature measurement under the
shadowing condition.

The following inversion experiments are carried out on
the proposed wall temperature inversion algorithm. The
flow chart of the experiment is shown in Figure 10. In the
figure, D indicates that the inversion results of photother-
mal parameters of the dispersion medium are brought back
to the direct problem model. @ Indicates that the error
calculation is carried out for the inversion results of the wall
temperature.

In the inversion experiment, the calculation result
corresponding to SNR = 30 dB in Table 2 is used as the
calculation result of the first step, the direct problem model
is used to invert the wall temperature. The inversion was
carried out under two conditions: no measurement error
and added measurement error. The algorithm was indepen-
dently run 10 times in each case. We statistically analyzed
the average, standard deviation, and average measurement
error of the calculated results.

The calculation results are shown in Table 4. The data
show that in the wall temperature inversion method
proposed in this section, the calculation error tolerance for
the first step is large. Even if the first step of the direct
problem is based on the measured signal with a high
signal-to-noise ratio, the inversion of temperature in the
second step can still obtain better results.
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Fig. 12. Spectral signal intensity under different wall temperatures and sample rotation angles.

4 Results and discussion

4.1 Measuring result

rotary table, control, and data acquisition system and test
components. Using the experimental platform to measure
the radiation signal of the translucent medium. Figure 11
shows the schematic diagram of the measurement system.

The system consists of five parts: black body furnace, In the direct problem model, the radiation signal I is a
Fourier transform infrared spectrometer, electric control  function of the wall temperature T, the refractive index
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Table 5. Inversion results of T,

Truth value Ty 1400 K 1500 K 1600 K 1700 K
Inversion value Two 1434.62 K 151541 K 1599.25 K 1688.74 K
RESM 2.47% 1.03% 0.05% 0.66%
Table 6. Inversion results using different spectral radiation intensities as known information.

Truth value A =5.00 pm RESM A =10.53 pm RESM A =16.00 pm RESM
Kl 0.227 0.240 0.256

Kg2 0.039 0.262 0.146

T, = 1400 K 1399.49 3.64% 1379.08 1.49% 1388.30 0.84%
T, = 1500 K 1499.73 0.18% 1474.58 1.69% 1482.74 1.15%
T3 = 1600 K 1600.24 0.02% 1570.69 1.83% 1578.08 1.37%
T, = 1700 K 1701.01 0.06% 1667.47 1.91% 1683.51 0.97%

n, of the first sample, the extinction coefficient k. of the
first sample, the refractive index n, of the second sample,
and the extinction coefficient k., of the second sample.
The size and material of the two plates are the same and
the same amount of smoke is injected into the two dishes
at the same time during the experiment, so it is considered
that the optical properties of the two samples are com-
pletely similar.

First of all, the ny, ny, K, and Kk, of the two-layer
samples are inversed, and different angles are measured
experimentally (the measuring angle refers to the angle
between the normal of the light surface of the sample and
the incident light source, the angle of this experiment is
from 0° to 60°, every 5° is a measuring point) and different
wall temperatures (the wall temperature is the temperature
of the blackbody furnace, the temperature range of this
experiment is from 600 K to 1700 K, every 100 K is a mea-
suring point). The spectral radiation signal intensity at the
wave number 399.1927-4001.5688 cm ™.

Planck integral is introduced to process the measured
radiation signals at different wavelengths and the radiation
characteristic parameters of the colorimeter in this paper.
The formula is as equations (21) and (22). After deducting
background noise and Planck integral processing by the
double-temperature method, the radiation intensity of dif-
ferent wall temperatures and different sample rotation
angles was obtained, as shown in Figure 12:

I(T) = /2 ? 1(2, T)dJ, (21)

5

25 n(i) 25 Ka(;L) )
TL—/25 md}u Ku—/z5 md/b (22)

The initial search range kK, k.o is set to 0 to 1 when the
algorithm is used for inversion. The refractive index of
smoke in the sample is similar to that of air, so the initial
search range n; and ny is set to 1.000 to 1.005. The inversion
result is: ny = 1, np = 1, Ky = 0.192, K = 0.187. There is

little difference between x, and k., n; and n,, which con-
firms the assumption that the optical properties of the two
samples are similar.

Then, ny, ny, K, and K, obtained in the first step are
used as known conditions to invert the wall temperature
T, into the direct problem model. In this inversion, the
radiation signal measured when the temperature 7T, of
the blackbody furnace is 1400 K, 1500 K, 1600 K, and
1700 K is inverted by a random algorithm. The initial
search temperature range set by the random algorithm is
100-2000 K. The wall temperature T, obtained by inver-
sion is shown in Table 5.

The results show that the maximum error is less than
1% when the temperature is higher. As the true value of
the wall temperature gradually decreases, the inversion
accuracy gradually increases. The maximum is less than
3%. It proves the effectiveness and reliability of the wall
temperature inversion algorithm based on the intelligent
algorithm proposed in this paper under the condition of
dispersion medium shielding.

The spectral radiation intensity of the sample at 5 pm,
10.53 pm and 16 pm at different rotation angles and differ-
ent wall temperatures was measured on the experimental
bench to verify the accuracy of the data processed by the
Planck integral method. The inversion of k; and k, was
carried out by the algorithm. Then, k; and k, obtained
by inversion are used as known quantities. The spectral
radiation intensities measured at different wavelengths
at 77 = 1400 K, T, = 1500 K, T3 = 1600 K and T, =
1700 K are combined to invert the wall temperature of
the blackbody furnace by the algorithm. Table 6 shows
the inversion results of experimental data obtained by the
Planck integral method and the inversion results without
Planck integral.

It can be seen from the above table that there is little
difference between the inversion results obtained by the
Planck integral method and those without Planck integral,
which proves the correctness of using Planck integral to
calculate the measurement information as the input of the
inversion algorithm.
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The tubular furnace is widely used for heating equip-
ment in petrochemical plants. A tube furnace involves a
variety of hydrocarbon chemical reactions, as a hydrocar-
bon energy system. The effective measures to improve the
thermal efficiency of the tubular furnace are to use refrac-
tory materials with low thermal conductivity and to reduce
the temperature of the external wall of the furnace to
reduce heat loss. However, the improvement of the thermal
efficiency of a tubular furnace is restricted by many factors.
Combustion temperature measurement technology pro-
vides a direction for improving the thermal efficiency of
the tubular furnace.

The calculated results show that the designed tempera-
ture reconstruction algorithm can obtain more accurate
results when the temperature is less than 1700 K. Take
the tubular furnace produced by a certain enterprise as
an example. The highest temperature in the furnace can
reach 1200 °C, less than 1700 K. Therefore, the algorithm
can be used to measure the wall temperature of the tubular
furnace and provide direction for its improvement.

4.2 Uncertainty analysis

The errors of x, and K, inversion in this experiment
mainly include the measurement error of the Fourier
transforms infrared spectrometer, the temperature error of
the blackbody furnace and the angle error of the electric
displacement table. The uncertainty of each factor is
analyzed below.

transform  infrared

1. Uncertainty of  Fourier

spectrometer

The uncertainty of the radiation intensity measured by
the spectrometer can be divided into two types: The first
type is the measurement error caused by the background
noise in the measurement environment and the noise in
the measurement process. It has been eliminated by the
double-temperature method above. The second type is the
measurement error caused by the nonlinear spectral
response of the instrument, which is the main source of the
measurement error of the Fourier transform infrared spec-
trometer. The uncertainty of the nonlinear spectral response
of the FTIR-6100 spectrometer in this experiment is 0.32%.

2. The uncertainty of blackbody furnace temperature

The uncertainty of the temperature of the blackbody
furnace is mainly caused by the fluctuation of the heating
circuit under PID control. The temperature of the resis-
tance wire will fluctuate up and down near the target
temperature with the increase of time and the amplitude
of fluctuation gradually decreases with the increase of time
in the process of reaching the target temperature. The high-
temperature blackbody furnace used in this experiment is
the RT1500 type blackbody furnace produced by LAND
Company in the UK. The effective emissivity of the black-
body furnace is 0.99 4+ 0.001. The error range of its temper-
ature heating is +0.1 °C. The uncertainty is only 4% when
the temperature is 25 °C (at room temperature). The uncer-
tainty decreases gradually with the increase of temperature.

3. The uncertainty of the electric displacement table

The angle error of the electric displacement table refers
to the difference between the actual rotation angle of the
turntable and the set angle. The precision of the
Y100SCO06 electronic control rotary table is 1 £+ 0.005°,
and the uncertainty is 0.5%.

The above three uncertainties are normally distributed
and do not influence each other. Therefore, the overall
uncertainty synthesis formula is as follows:

U:\/(UA)2+(UB)2+(UC)2. (23)

The formula, Uy represents the uncertainty of the Fourier
transform infrared spectrometer, Up represents the uncer-
tainty of blackbody furnace temperature, and U¢ represents
the uncertainty of rotation angle of the electronically
controlled rotary table. The uncertainty of the system
calculated by the above formula is 4.04%. The value is less
than 5%, which meets the requirements of extinction
coefficient measurement accuracy in the field of most
numbers.

5 Conclusion

In this paper, the distribution reconstruction of nonuniform
photothermal characteristic parameters of dispersive media
based on adaptive covariance matrix evolutionary strategy
algorithm is studied. The specific research contents are as
follows:

1. Based on the CMA-ES algorithm, the reconstruction
program of gradient absorption coefficient and refrac-
tive index of functional distribution is established. To
obtain a better combination of measurement informa-
tion, the temperature ratio was defined. The sensitiv-
ity of distribution function coefficients was analyzed
under different temperature ratios, outgoing radia-
tion, and different surface normal angles. According
to the graph line of sensitivity coefficient, the temper-
ature ratio and the included Angle are selected. The
reconstruction algorithm is verified and the results
show that the algorithm can obtain relatively stable
measurement results even with large measurement
errors.

2. The more general distribution of photothermal
characteristic parameters is considered. The form of
the discrete distribution gradient absorption coeffi-
cient and refractive index distribution function is
unknown during reconstruction. For the two-layer
medium model, the sensitivity of absorption coeffi-
cient and refractive index is analyzed and the rational-
ity of the image drawn in this paper is explained.
The sensitivity graph of absorption coefficient
and refractive index of the three-layer medium
model is analyzed. The proposed reconstruction algo-
rithm is verified by a two-layer media model and
three-layer media model respectively, and the results
are good.
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An inversion algorithm for wall temperature recon-
struction under the obscuring condition of dispersive
media is proposed. Under the condition of introducing
different measurement errors, the effectiveness of the
algorithm is verified by experiments. The results show
that the performance of the proposed inversion
algorithm is good. The proposed algorithm is robust
even at higher temperatures. Referring to the internal
temperature data of tubular furnaces in the market,
the proposed algorithm can be used to provide direc-
tion for improving the thermal efficiency of tubular
furnaces.
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